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ABSTRACT: This study investigates how changes to an emergency voice
communication system (EVCS) or the building environment affect speech
intelligibility in four spaces of an office building: lobby, stairwell, dining area, and
open-floor-plan office space. Effects of additional or alternate speaker locations,
floor and wall coverings, and background noise on intelligibility are measured via
objective means (i.e., meters that evaluated the speech transmission index (STI) of a
test signal broadcast via the EVCS). Current practice recommends measurement
spacing that appears to appropriately characterize the single-floor spaces,
although changes to the environment can reduce STI measurements by nearly
20%. Several suggestions address concerns of when and where to perform speech
intelligibility testing.
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INTRODUCTION

M
OST ENGINEERING COMMUNITIES desire a well-defined metric against
which to compare a given scenario with the desired result. For fire

protection engineers installing emergency voice communication systems
(EVCSs), speech intelligibility measurements serve as a means by which an
installed system can be deemed satisfactory; that is, such tests evaluate
whether or not a message broadcast over the system is audible and
intelligible throughout a facility by people who are fluent in the spoken
language and who have ‘normal’ hearing [1–4]. The methodology measures
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this intelligibility in various spaces throughout the facility and provides
a single point of evaluation for each room or area therein.

The life safety community might be misusing such tests by evaluating
EVCS prior to building occupancy. Research has shown that changes in
environmental conditions, such as new flooring and wall surfaces and the
addition of background noise or occupants, can affect the intelligibility of
a space [5–8]. These changes are of utmost concern because tests for speech
intelligibility are often undertaken before the space is finished; and, when
evaluated for occupancy permits, always before furnishings, floor rugs, and
other such materials are in place.

This study was undertaken to evaluate the impact of changes to the
EVCS – by adding speakers or changing speaker locations – and to
the building environment, by providing sources of background noise and
changing surface materials.

BACKGROUND

The myriad of means by which the intelligibility of an EVCS can be
evaluated are typically subdivided into subjective [9,10] and objective
[2,11] methods. The former are variations of participant-based schemes,
in which trained personnel listen to broadcast messages and record the
word, words, or sentences that they hear. The latter, objective tests,
replace the human talkers and listeners with equipment, broadcasting
a specially constructed, multifrequency test signal over the EVCS, and
using a signal meter to sample the strength and duplication of the signal
at different locations throughout the facility [12]. The results of the
various test methods can be compared against the common intelligibility
scale (CIS) [13].

A CIS of 0.7 [2] or 0.70 [4] has been selected as the breakpoint for
intelligibility of emergency systems; this corresponds to comprehension of
�80% of words and 95% of sentences. An equal or higher CIS indicates that
people within a room should be able to hear and understand a message
broadcast over the EVCS, while a lower score indicates that people may
have trouble hearing the message (at least in certain areas of the room) or
may be unable to understand enough of the words to comprehend the
message. For people with a hearing disorder or locations where very
complex messages are used, a higher CIS is required.

This study uses meters [12,14] to determine speech transmission index
(STI) measurements, which are returned as CIS values, to evaluate the
impact of changes to the EVCS and to the building environment.
STI evaluates 98 combinations of modulated noise, using 14 modulation
frequencies and 7 octave bands, to provide a single number that represents
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the impulse response and signal-to-noise ratio for a given area, accounting
for noise, reverberation, echoes, nonlinear distortion, and band-pass
limitations of the system and environment [13,15]. A reduced set of
two modulation frequencies and six octave bands (STI-PA) is used in
handheld meters and results in a difference from the complete STI analysis
of �0.03 [14].

TESTING METHODOLOGIES

For this study, STI-CIS analyzers [12], in combination with a talkbox,
measured the speech intelligibility and overall audibility of four areas in
a four-story office building in central Massachusetts, USA: the entry lobby,
stairwell, dining room, and open-floor-plan office space. The procedure
from the STI-CIS Analyzer User’s Guide [12], outlined here, was followed
with some variations: the measurement spacing was reduced from the
recommended 6.1m and the number of measurements at certain locations
was increased.

A talkbox [12] generated a test signal, which is a variable, multifrequency
test tone that simulates speech patterns. This signal was calibrated through
the building’s fire alarm control panel (FACP) to match the peak sound
pressure level (SPL)1 of the FACP’s default voice message in the building’s
lobby; this SPL was found to be 77 dBA, as measured 1m from the south
speaker.

During the tests, the analyzer microphone was maintained at least 0.6m
from the user and�1.5m from the floor, although certain measurements were
collected at a height representative of a seated individual. Recommended
practice [12] suggests a minimum of one measurement location for every
37m2; for this study; the number of locations was increased at least fourfold,
with specific spacing dependent on room geometry.

Common intelligibility scale measurements at each location required
about 15 s, after which the instantaneous SPL was measured. The measure-
ment was repeated; if the two CIS readings were not within 0.03 of each
other, an additional reading was taken, and the average of the two closest
measurements was reported as the CIS reading for that location [12]. Sudden
noises in the testing area, such as random talking, closing doors, or people
walking on marble, affected the accuracy of the measurements and often
resulted in an error message, requiring a third reading. In some locations,
additional readings were taken to explore the effectiveness of the suggested
practice.

1Throughout this article, sound pressure level refers to the A-weighted sound pressure level as measured by
a STI-CIS Analyzer.

Speech Intelligibility Measurements in an Office Building 247



TEST LOCATIONS AND RESULTS

Four groups of students measured speech intelligibility with STI-CIS
analyzers over 2 days. The students were trained by the analyzer vendor’s
staff on the proper use of the meters, after which the groups took
measurements in one of four distinct areas: the building lobby, a stairwell,
the cafeteria dining area, and an open office space. After the characteristics
of the existing system were mapped, the effect of changes to the installed
system or the building environment was determined in each area. In the
lobby, soft materials, such as floor mats and tapestries were placed at
strategic locations; the former were installed near doorways, as may be
expected during inclement weather, and the latter were mounted where
paintings or tapestries might be expected. For the stairwell, new speakers
were installed at the ceiling of every other landing to evaluate the influence
of speaker location on intelligibility; the effect of pink noise – recordings of
cafeteria sounds – and carpeted landings was also evaluated. A speaker was
installed in a large alcove in the cafeteria to illustrate how judicial speaker
placement can improve intelligibility. The effect of pink noise was also
investigated. New ceiling-mounted speakers were installed along the
centerline of an office space with an open floor plan (i.e., a large open
space with few dividing walls, typically subdivided into cubicles). The
intelligibility for this alternate location was compared, with and without
pink noise, to that for wall-mounted speakers along the building core.

Lobby

The main entrance lobby is on the first floor of the east side of the
building (see Figure 1). The room, shown in detail in Figure 2, is 13.9m wide
in the north-south direction, a maximum of 9.5m and a minimum of 6.6m
in the east-west direction, and 3.03m high. The room is basically
rectangular, although there are alcoves in each of the four corners. Along
the east wall, the entrance juts into the lobby 2.9m; the northern area leads
through double doors to a stairwell, while the southern area leads through
a single door to a guard room, which contains the FACP. In addition, two
exits, both with double doors, are inset into the west wall at the north and
south ends. These exits lead to hallways that run the length of the building
from east to west.

The lobby has a marble floor and painted sheetrock on the ceiling and the
north and south walls. The west wall is composed of wood paneling, as is the
east wall, which is not dominated by the multiple glass and metal doors.
A set of three curved, ascending steps in the northeast corner of the room
lead to the stairwell exit. A wooden guard’s desk is found �1m from the
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western wall, as indicated by the rectangle near the bottom of Figure 2.
The second rectangle in the figure, along the southern wall toward the west,
shows the position of a leather couch and chair, which complete the
furniture in the room.

The EVCS in the lobby consists of two combination speaker/strobes on
the west wall, 2.7m from the floor. One speaker is in the northeast alcove,
just south of the stairwell doors. The second speaker is south of the entry
doors.

Figure 3 provides a contour plot of the CIS in the lobby, based on the
average of two measurements taken at each location marked by the dots [16].
These locations are spaced 0.3–3.1m apart. The average CIS for the entire
lobby, using all 45 measurement locations, was 0.64� 0.04; thus CIS-� was
0.60, which is less than the desired 0.70 for intelligibility [2,4]. The location
near the couch on the southern wall, with a CIS of 0.49, was significantly less
than the room average. Similarly, the southeast corner, near the FACP
room, averaged 0.58. The maximum measurements were those closest to
the speakers; in both of these locations, the average CIS was 0.75.
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m
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Figure 2. Dimensions and intelligibility measurement locations for lobby area. The dots
indicate measurement locations. Two horns are visible at the top of the image. The square to
right is a leather couch, while the orange rectangle to the bottom is a wooden guard’s
counter. North is to the left of the figure.
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The measurement location density for this test series was in excess of that
outlined in [12]; to determine whether location selection would affect
characterization of the intelligibility of the lobby, several representative
combinations of measurement locations were evaluated. Regardless of
whether three or six locations were used – depending on whether spacing
criterion for the measurement grid [12] was area (37m2) or maximum
dimension (6.1� 6.1m) – the average CIS for multiple different combina-
tions was between 0.63 and 0.64� 0.04. It appears that the reduced
measurement requirements from current practice appropriately characterize
the existing system and environment in the lobby.

After the benchmark measurements were taken, floor mats, composed of
thin carpet backed with rubber, were placed throughout the lobby
(Figure 4), as might be expected during inclement weather; two blankets
typically used to protect furniture by movers were draped on the walls
behind the guard’s desk and couch to simulate paintings, tapestries,
or curtains. The added materials, covering a total of 39m2, comprised
�10% of the surface area of the floor, walls, and ceiling. A contour plot of
intelligibility measurements after the changes can be found in Figure 4. With
the exception of three measurement locations (out of 45), the acoustically
soft materials improved the intelligibility throughout the lobby. The
exceptions are the location directly above the guard’s desk and two
locations near the southern speaker. The greatest improvement, �0.18CIS,
was measured above the couch, near the tapestry on the southern wall.
The northeast corner of the room also improved significantly. That said,

75

62

HH

49

Figure 3. Speech intelligibility of lobby with existing system. The sound pressure level during
the tests was 77dBA. The typical SPL was <54dBA without the test signal. The lowest CIS
measurements were taken along the south wall – the lowest was 0.49 – while the highest
measurements (0.75) were taken less than a meter from each of the two horns.
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the average CIS for the room was 0.66� 0.04, or a CIS-� equal to 0.62; this
is an improvement of 0.02 over the measurements in the lobby without the
carpets. As in the original case, the lobby failed to meet the required CIS-�
of 0.70.

Alternatively, three-dimensional views of the intelligibility contours of the
lobby without and with carpets can be found in Figure 5. The room has

75

62

H H

49

Figure 4. Speech intelligibility of lobby with addition of floor mats and tapestries. Locations
of floor mats are indicated by rectangles. Tapestries (moving blankets) were hung on west
and south walls the guard’s station and couch, respectively.

Figure 5. Three-dimensional map of lobby intelligibility, comparing the existing conditions
(left) with those resulting from the addition of sound-absorbing material (right). The most
significant changes can be observed from the measurement location above the couch along
the southern wall and in the northeast corner. The average intelligibility of the room improved
by 0.02CIS. The orientation of the lobby has been rotated such that the west wall is seen to
the left of the figures. The low sharp point in the left image corresponds to the couch
measurement, while the uppermost part of the right image is the northeast corner near the
exit to the stairwell.
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been rotated, such that the southwest corner is closest to the viewer.
In this comparison, the changes to the individual measurement locations
can, perhaps, be seen more clearly, as can the very slight improvement to the
average.

Stairwell

Of the three similar stairwells in the facility, the central staircase was
selected for testing (Figure 1). This stairwell is 6.7m from north to south and
4.2m from east to west. The plan and elevation views of the stairwell are
provided in Figure 6. There are metal double doors on the southern end of
the east wall on the ground floor and solid wood double doors on the
southern wall at the landings for the first through third floors. The stairwell
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Figure 6. Stairwell plan and elevation views. The original speakers have been installed on
alternate landings, across from double doors leading to the first through third floors. These
speakers are to the right of center of the landings, and face down the staircase. Alternate
speakers were installed in the ceiling above the landings for the ground, first, and
second floors.
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continues up a half-flight from the third floor to a door that leads to the
roof. An additional three landings on the north side are without doors. The
walls are painted wallboard with the exception of the south wall, which is
formed from concrete masonry units. The floor at the ground level is
concrete; the stairs are vinyl-covered metal; and the ceiling above the top
floor, �15m above the ground, is suspended acoustical tiles. There are no
floor mats within the stairwell.

The existing EVCS consists of three combination speaker/strobe devices,
which are mounted on the north wall at the landings between the ground
and first, first and second, and second and third floors. The speakers are
located 2.14m above each landing and 0.61m from the east wall; centering
the speakers would have interfered with placement of artwork in the
stairwell. For this study, alternative speakers were installed 0.15m from the
ceiling of the landings for the ground, first, and second floors. Speech
intelligibility was measured at the center of each landing and at the midpoint
of each stair run. Ambient noise was 45 dBA.

Using the two sets of speakers, pink noise, and floor mats on each
landing, five scenarios were investigated [17]. The results of these tests can be
found in Table 1. (The confined, three-dimensional space does not lend itself
to the contour maps provided for the other areas.) In no configuration were
measurements in the stairwell in excess of 0.70CIS. As expected, the
inclusion of pink noise, which increased background noise to 63� 2 dBA,
degraded the CIS, while the addition of thin, rubber-backed, carpeted floor
mats increased intelligibility. The floor mats increased CIS-� for the
installed system by 0.02 and for the alternative by 0.05. The speakers in the
latter case pointed at the floor mats; thus, the reduction of reverberation was
more direct.

The SPL of the test signal, as measured at each location, roughly
correlated to the CIS measurements in the stairwell for the wall-
mounted speakers without floor mats, as indicated in Figure 7. (Note
that the test signal at the microphone was maintained at a constant
sound level throughout the tests.) For the ground through second floors

Table 1. Stairwell CIS measurements.

Speakers Test conditions Average CIS r CIS-r

Original, wall-mounted Speakers only 0.66 0.04 0.62
With pink noise 0.59 0.06 0.53
With floor mats 0.67 0.03 0.64

Alternative, ceiling mounted Speakers only 0.65 0.04 0.61
With floor mats 0.70 0.04 0.66
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(where a floor is measured up to the next landing), small increases in
SPL resulted in greater-than-proportional changes in CIS measurements,
although there was significant scatter. For the top (third) floor, however,
the relationship between SPL and CIS was more recognizable, perhaps
owing to the acoustic ceiling tiles on the upper level. The lowest
measurements for the third floor were farthest from the speakers, and
CIS increased with decreasing distance from the closest speaker. This
graph clearly shows the lack of interdependence between audibility and
intelligibility, as third floor intelligibility exceeds that of other floors for
the same SPL.

Measurements for the second floor were repeated with doors to the
building open. Although the SPL for the measurements was nearly
unchanged, with a maximum decrease of 1 dBA (and no increase at any
of the three tested locations), the average CIS increased by 0.02 to 0.04. The
greatest change was measured on the landing next to the open doors. The
increases were due, most likely, to the dampening effect of the large volume
behind the open doors, which would be far less reverberant than in the case
of closed doors.
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Figure 7. Comparison of common intelligibility scale (CIS) measurements to sound
pressure level (SPL) for the multiple floors of the stairwell. In general, an area with increased
SPL trended toward an increased CIS. This relationship was more pronounced on the third
floor, which has a ceiling with acoustic tiles.
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Cafeteria Dining Room

The dining room for the building’s cafeteria is on the west side of the
first floor of the building (Figure 1). The dining room is adjacent to and
west of the cafeteria and is composed of one large room with small
alcoves to the north and south. The floor plan is nearly reflective about
the east-west centerline, with the exception of a corridor entrance to the
east-northeast.

The main dining area is �27m from north to south and 13.5m from east
to west (Figure 1). The two dining room alcoves are 4.8m from north to
south and 9.7m from east to west and are separated from the main dining
room by wood and plastic dividers that span from floor to ceiling and are
6.1m long (east-west). Wooden benches with cloth-covered foam cushions
are located on the alcove side of each divider.

Approximately 85% of the floor is carpeted; the tiled entrance from the
cafeteria, on the east side of the main dining area, is the exception. The
2.7-m ceiling is composed of acoustical ceiling tiles. The north, east, and
south walls are painted wallboard and the western wall is primarily glass
with some painted wallboard. Glass double doors are installed in the
northeast and southeast corners of the main dining room. Wooden chairs
and round and square wooden tables are distributed throughout the main
dining area; the alcoves have only square tables.

Four speakers have been installed in the main dining room. Two of the
speakers are mounted on freestanding walls near the entrance from the
cafeteria. The remaining speakers are mounted to the west of the glass exit
doors. During the second test series, a temporary, ceiling-mounted speaker
was installed in the southern alcove for evaluation, and temporary speakers
were installed in the alcove and main dining area for the introduction of
pink noise – representative sounds from a cafeteria – during one of the test
series. As mentioned above, the floor plan of the dining area is nearly
symmetric about the east-west axis; thus, the southern half of the dining
room was exhaustively studied, with selective locations inspected in the
northern half for corroboration.

The results of the speech intelligibility tests for the installed speakers can
be found in Figure 8. The highest CIS, 0.81, was measured proximate to the
eastern speaker. The main dining area had a fairly flat intelligibility
distribution and had an average CIS in excess of 0.70 at every location; on
average the CIS is 0.75� 0.02 (CIS-�¼ 0.73). The southern alcove, while
also fairly flat in distribution, had an average CIS that was significantly
lower than that of the main dining area. This area failed to meet the
minimum requirement of 0.70 [2,4], with a CIS of 0.67� 0.02 (CIS-�¼ 0.65).
If both the main dining room and the alcove were considered to be
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one room, however, the overall CIS of the combined space was 0.73� 0.04
(CIS-�¼ 0.69); thus, the combined space was not intelligible, as per the
requirements for EVCSs [4], with the current number of measurement
locations. Following the recommended practice and using 15 locations in the
larger space and four in the smaller space yielded an overall CIS of
0.72� 0.04 (CIS-�¼ 0.69). The sound pressure level during testing was
measured at each location. The average of these measurements was
70� 4 dBA [18].

Measurements were taken facing multiple directions at a given location, in
which case the average CIS for a given location decreased by as much as
0.05, depending on whether or not the user is facing toward the nearest
speaker, as recommended in [12].

Figure 9 illustrates the intelligibility of the dining area after the
installation of a third speaker, which was mounted in the ceiling of the
alcove. The intelligibility of the alcove increased to 0.74� 0.03
(CIS-�¼ 0.71), which is a passing value. The main dining area degraded
slightly, such that the intelligibility became 0.74� 0.03 (CIS-�¼ 0.71),
identical to that of the alcove. Obviously, the combined area had the same
average and standard deviation. The significant improvement – up to

81

69

H
H

H
H

56

Figure 8. Intelligibility measurements in dining room of the cafeteria, with speakers as
installed. The system is intelligible throughout the main dining area; the alcove, however, has
an average CIS of 0.67� 0.01 (CIS-�¼ 0.66) and, as such, would fail. If the entire dining room
is treated as a single space, it would likewise fail, as it would measure a CIS of 0.73� 0.04
(CIS-�¼ 0.69). In the main dining area, the measurement locations were spaced 4.5m (150)
apart in the north-south (up-down) direction and 3.0m (100) apart, east to west. In the alcove,
the spacing was reduced to �3.0m (100) and 3.6m (120), respectively.
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0.08CIS at the top center measurement location – of the alcove is
immediately apparent. The general reduction in intelligibility throughout
the main dining area is less apparent; the maximum loss is on the order of
0.04CIS.

The third test scenario in the dining area involved a pink-noise
generator. A CD recording of background noise in an occupied cafeteria
was played through speakers installed in the alcove and main dining area.
The results and speaker locations can be seen in Figure 10. The largest loss
of intelligibility occurred at the centerline of the room; a pink-noise
generator is interposed between these locations and the most direct speaker
path. In all cases (alcove, main dining area, and combined space), the
average CIS was 0.70� 0.05 (CIS-�¼ 0.65), such that the spaces
were insufficiently intelligible for the aforementioned references.
The background noise level, as measured at each location and including
pink noise, was 57� 4 dBA.

During these three test series, separate measurements were taken at
several locations to compare the intelligibility for both standing and
sitting occupants. In ten of twelve measurements, the difference was less
than one standard deviation. The remaining two locations were within
two �.

81

69

H
H

H
H 56

Figure 9. Speech intelligibility in dining room with additional ceiling-mounted speaker in
southern alcove, the location of which is indicated by the lightly shaded circle near the top of
the figure. Intelligibility within the alcove has improved markedly to a CIS of 0.73� 0.04 (CIS-
�¼0.69), while the main dining area remains unchanged with a CIS of 0.73� 0.04 (CIS-
�¼0.69). The locations of the two wall-mounted speakers installed as part of the original
emergency voice communication system are denoted by a horn icon.
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Open Floor Plan

The third floor of the building, shown in Figure 11, is fairly typical of many
office buildings, with a central mechanical core – enclosing stairwells,
bathrooms, elevators, mechanical rooms, and offices and conference rooms –
surrounded by a large, undivided area intended for cubicles. The core runs
nearly the length of the building, east to west, with a 3.5-m-wide corridor at
either end. Four cross corridors connect the open areas to the north and
south. The southern space is undivided for the entire length of the building,
while the northern area is divided into two areas by a conference room. The
eastern portion of the latter area is the focus for the final area of this study;
this portion is composed of two rectangles: one, to the east, is 25m in
length (east–west) and 13m in width (north–south), while the other is 16.4m
in length and 10.9m in width. A row of concrete columns, 7.6m on center, is
located 2.1m from the north wall of the core. The ceiling is 2.7m above the
floor.

The east and north walls are composed primarily of glass and painted
wallboard. The south wall is bounded by the core; here, offices have solid
wooden doors (closed), small glass windows, and walls of painted sheetrock.
The west edge is open, although partially bounded by the conference room.
The floor is carpeted and acoustical tiles are mounted to the concrete ceiling.

69

H
H

H
H 56

81

Figure 10. Intelligibility in cafeteria dining area with additional speaker in alcove and two
speakers, indicated by the lightly shaded circles near the top right and middle right of the
figure, providing ‘pink noise’. There were two areas with significantly degraded intelligibility,
and the average CIS dropped to 0.70� 0.05 (CIS-�¼0.65).
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Two cubicles were constructed in the test area during part of the test series
to investigate their effect on intelligibility.

The original voice communication system for the space has four
combination speaker/strobe devices installed �2.1m above the floor in the
southern (core) wall. Four additional speakers were mounted on the ceiling,
in line with the wall-mounted speakers and 5.4m from the northern wall.
These speakers were used to investigate the effects of pink noise on the
intelligibility of the wall-mounted speakers, in addition to enabling a
comparison of wall- to ceiling-mounted speakers in the space.
Measurements for speech intelligibility were spaced 1.5m apart in the
east-west direction. The three rows of measurements were 5.2, 7, and 11.2m
from the northern wall of the office area.

Results for intelligibility measurements of the existing EVCS are shown
in Figure 12. Although the majority of the space had CIS measurements

88

70

55

Figure 12. Speech intelligibility of an open-floor office space with wall-mounted speakers.
Although the majority of measurements exceed the minimum requirement of 0.70, an area of
the largest space includes measurements down to 0.64. These measurements may be lower
with the installation of cubicles throughout the office area. Wall-mounted speaker/strobe
devices, shown as four triangles along the core wall at the right of the image, are part of the
original building fire alarm system and are 2.1m (7 ft) above finished floor. Also visible are the
locations of the two cubicles installed in the space. The cubicles had cloth-covered foam
core walls, �1.5m (50) in height and length. Doors were closed to the offices in the central
core. Measurements were taken 1.5m (50) apart in the long direction, and are 5.2m (170), 7m
(230), and 11.2m (370) from the core wall.
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in excess of 0.70, a small area in the center of the room had two
measurements below 0.70, with the lowest averaging 0.67CIS. The benefit
of measurement proximity to the speakers can be clearly seen, as the
highest intelligibility was found along the axis of the speakers for the
easternmost devices. The average CIS for the room was 0.75� 0.03
(CIS-�¼ 0.72) [19].

The wall-mounted speakers were supplanted by ceiling-mounted ones;
results of the test are shown in Figure 13. The average intelligibility
improved significantly to 0.83� 0.03 (CIS-�¼ 0.80), with some locations as
high as 0.88CIS and measurements taken while standing in a cubicle
averaging 0.83CIS. This configuration met the requirements for intelligi-
bility [4].

As a final test, the intelligibility signal was broadcast from the wall-
mounted speakers while pink noise was emitted from the ceiling mounted
ones. Proximate to the speakers, the SPL of the two signals was �62 and
55 dBA, respectively. The results of the test can be found in Figure 14. The
intelligibility was significantly degraded, with an average measurement of
0.68� 0.06 (CIS-�¼ 0.62). Measurements at certain locations varied by as
much as 0.12CIS, and the intelligibility at the western end of the room was
particularly affected. Given the increase in intelligibility in a similar area for
the ceiling-mounted speakers (over that for wall-mounted speakers), as seen

70

55

88

Figure 13. Speech intelligibility of open-floor office space with ceiling-mounted speakers.
The entire office area has CIS measurements in excess of 0.70. Four lightly shaded circles
indicate the location of the ceiling-mounted speakers installed for this study, centered in the
room and in line with the wall-mounted speakers.

262 J. P. WOYCHEESE



in Figure 13, the signal degradation may be an artifact of the means by
which background noise was introduced.

During the test involving pink noise, measurements were taken while
seated and facing into the cubicle. Contrary to expectations, these
measurements were higher than those measured throughout the rest of
the space, with the exception of areas proximate to the center two wall-
mounted speakers. In the cubicle, the average CIS was 0.72.
Measurements for the area surrounding the cubicle averaged between
0.60 and 0.65. A satisfactory explanation for this phenomenon was not
immediately obvious.

At several locations, the difference between successive measurements at a
given location was >0.06. In these cases, multiple readings were taken. As a
check, additional measurements were recorded for locations with acceptable
variations (0.03CIS [12]) in the initial two readings. In both cases where this
was done, the measurements often fluctuated by more than 0.05, such that
the intelligibility of these locations depended on the timing of the
measurements; as such, it was difficult to assign an appropriate average
value. See Table 2 in which the values for up to five readings are provided
for six locations.

88
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55

Figure 14. Speech intelligibility of open-floor office space with intelligibility signal from wall-
mounted speakers and pink noise broadcast from ceiling-mounted speakers. The inclusion
of background noise significantly degrades the intelligibility throughout the office space;
the largest open area still has the lowest intelligibility measurements. Note the signal
degradation at the western end of the room (bottom of figure) with the introduction of point
sources of noise.
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CONCLUSIONS

Speech intelligibility tests evaluate whether a message broadcast over an
EVCS can be heard and understood. This study investigates how changes to
a system, such as additional speakers or alternate speaker locations, or to
the building acoustics, including floor and wall coverings and background
noise, affect speech intelligibility in various spaces of an office building:
lobby, stairwell, dining area, and open-floor office space.

Measurements in the building lobby showed that changes to a significant
fraction of the surface area of a room might have minimal effect on
intelligibility; covering 10% of the wood walls and tile floors with tapestries
and floor mats changed the room intelligibility average (CIS-�) by 0.02.
Adding acoustically soft (sound absorbing) materials flattened outlying
measurements and (marginally) increased intelligibility at more than 90% of
tested locations in the lobby, which indicates that the degradation of the
intelligibility may be due to reverberation, echoes, or both. Additional
speakers (e.g., on the wall opposite existing speakers) may improve
intelligibility more effectively; such a change in an alcove of the cafeteria
dining room improved the room intelligibility average by 0.04. This indicates
that the signal-to-noise ratio should be improved and that the degradation is
caused by background noise. A simple diagnostic analysis can be obtained
by an increase of the test signal level of 10 dB. If CIS measurements improve
as a result, background noise was a factor in the degradation of the signal.
On the other hand, a similar CIS measurement indicates that the distortion
is test-signal dependent (i.e., reverberation and echoes). In some situations,
a combination of these two effects is observed, which can be quantified by
careful analysis of the individual transfer of the fluctuations of test signal.
With the current number and location of speakers and surface and building
materials, the EVCS in the lobby is not intelligible per [4]; thus, one or more
of these conditions must be changed.

Table 2. Measurement variations at multiple locations.

Measurement values (CIS)

Location 1 2 3 4 5

1 0.76 0.83 0.81 0.75
2 0.70 0.77 0.75 0.72
3 0.66 0.74 0.70 0.67 0.74
4 0.74 0.81 0.71 0.73 0.76
5 0.68 0.67 0.64 0.61 0.69
6 0.58 0.59 0.63 0.62
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The number and location of measurements to characterize a room
depends, as one might expect, on the furnishings and finishes of the room.
For the office building spaces, excepting the stairwell, similar results were
found when the measurements were spaced every 37m2, as recommended in
[12], as when the measurement density was increased fourfold or more.
Variations were on the order of 0.01 or 0.02CIS, which is within the error of
the meters. At certain locations, however, the readings fluctuated between
two disparate values that were more that 0.05CIS apart. Thus, timing of
particular measurements may dictate whether the room is deemed
intelligible per NFPA 72 [4]. Although conservative engineering requires
that the lower value be used, this requires that sufficient measurements be
taken to determine this lower limit, while suggested practice is limited to a
maximum of three measurements per location [12].

Intelligibility along egress routes can be a primary concern. For the
building in this study, the stairwell was less than the desired 0.70CIS for
intelligibility [4] in the multiple combinations of wall- and ceiling-mounted
speakers with and without floor mats on the landings. As might be expected,
the addition of noise to the environment degraded the intelligibility average
by as much as 0.11CIS to 0.53. Such degradation may be of significant
concern if the system is to notify people in the stairwell of changes to the
emergency or to egress routes. The acoustically soft ceiling tiles on the
ceiling of the stairwell seemed to improve the intelligibility of the top floor
over lower levels; similar end effects were not apparent for the ground floor,
which had a more reverberatory concrete floor. Furthermore, open,
unobstructed doors increased the intelligibility by as much as 0.04CIS,
which suggests that measurements taken during a pre-occupancy test may
not reflect the intelligibility of the system during evacuation, when doors
may be opening and closing.

Differences between the test signal level and that of a person providing
real-time messages may affect intelligibility. The SPL of the test signal is
compared to the SPL of a prerecorded system message at the same location,
and the strength of the test signal is adjusted until the two SPLs are equal.
The EVCS, however, does not specifically control the SPL of a person
providing real-time information. As a result, it may be more appropriate to
specify the SPL of the test signal that is broadcast into the system
microphone – perhaps 65–75 dBA, measured at 1m from the mouth, which
is appropriate for human speech – and require that the system amplify the
microphone signal such that it provides the same SPL as prerecorded
messages.

NFPA 72, one of the universal standards for the fire alarm industry,
requires that at least 84% of measurement locations have a CIS of 0.70 or
higher [4]. This breakpoint is nominally based on a reference for speech
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intelligibility testing [2], although that document requires 0.7, rather than
0.70, for intelligibility. The added precision in NFPA 72 – for which there
does not appear to be a scientific basis – may cause unnecessary
complications, as repeated measurements at some locations can vary by
an amount on the order of 0.05CIS and the precision of the measurement
methodology is �0.03 STI [14], which is nonlinearly related to CIS
(�0.015CIS for values >0.8CIS, 0.03 for CIS near 0.6, and 0.06 for CIS
near 0.3). However, measuring speech intelligibility with human talkers and
listeners may result in wider variations owing to system-dependent and
physiological effects and variations of the vocal effort. In this study, many
of the repeated CIS measurements for a particular area were within 0.05,
such that rounding to the nearest 0.1 would absorb most of the differences
and would have the added advantage of reducing the impact of instrument
error. This assumes, of course, that the 0.7CIS requirement of [2] is
sufficient for emergency messages. Messages with complex content may
require systems with a higher degree of intelligibility. Furthermore,
physiological effects, such as hearing or speaking disorders or language
barriers, are not addressed.

As the result of this test series, it became apparent that the life safety
community may be relying too heavily on the pre-occupancy testing of
EVCS without regard to the impact of post-test building changes.
Although certain elements modified the room intelligibility average by
only a few percentage points, the changes to the building environment
after such tests may be more extensive than was investigated, here.
The addition of furniture and of occupants will further impact the
intelligibility of the system. The open-floor-plan office space, in
particular, is likely to have a number of cubicles with sound-absorbing
walls, the locations of which can change with the needs of the company.
The differences between wall- and ceiling-mounted speakers in that space
may be more pronounced than this study indicates. It seems apparent
that ongoing testing is necessary for EVCSs to ensure that the occupants
can hear and understand emergency messages regardless of changes to the
building environment.

DISCUSSION AND FUTURE WORK

An EVCS is intended to inform the occupants that an emergency exists
and the steps that the occupants need to take. What is not clear is the
percentage of occupants who hear and react to the system message (direct
messaging) versus those who follow the group or are informed of the
emergency by another occupant (indirect messaging). Further work must be
conducted in this area.
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As an intermediate enhancement to direct warning, a standard temporal-
three (T-3) system could be installed in private spaces, with more
sophisticated EVCS in public areas. This option circumvents the common
concern regarding where, throughout a building, an EVCS should be
intelligible, which, per NFPA 72 [4], requires the average minus the standard
deviation of all spaces to be >0.70CIS. At one extreme end, systems can be
designed to be intelligible in the corners of every room throughout the
building, including closets and other seldom-occupied spaces. At the other
extreme, complex spaces can be evaluated on the basis of average CIS
readings, which may mask unintelligibility in critical areas. A combination
of T-3 and EVCS could address these concerns, as a horn-based system
requires only that the system be audible, not intelligible. A T-3 signal
broadcast over both horns and EVCS speakers will provide occupants with
an alert to a situation in the building; after an appropriate amount of time,
a message can be broadcast over the EVCS to provide information about
that situation. The delay enables occupants to move to intelligible areas for
the EVCS message, although this type of system would require that
announcements be repeated to ensure that people hear the message in its
entirety. Research into the viability of such a system, including occupant
actions and required timing between alert and message, must be conducted.
Drawbacks to such a system, such as delayed evacuation owing to searching
for an intelligible area, lack of movement toward intelligible areas, and
confusion over the intent of the T-3 signal, must be evaluated.

The life safety community must decide whether it is acceptable to have a
system that will not alert all of the building occupants to an emergency.
In effect, such acceptance is widespread, as current practice assumes that
both the talker and the listener in intelligibility tests are normal; i.e., fluent in
the language of the message, with no speech or hearing impediments.
Furthermore, current practice assumes that a system that delivers 80%-word
and 95%-sentence intelligibility is adequate for our purposes. A message
such as Please exit using the north stairwell might cause profound problems
if one word, north, is unclear, such that people must guess whether to take
the north or the south stairwell. Further investigation into the real-time
messages that are broadcast over EVCS and the number of people who
understood those messages is imperative to determine the limitations of
current practice. It is possible that intelligibility of emergency messages
could be improved in general by repeating the announcements verbatim.
Along those lines, an EVCS should be able to record real-time messages and
subsequently repeat those recordings multiple times.

Further investigation is needed into the number of measurements to be
taken at a given location, the number of locations necessary to characterize
the intelligibility of a room, and the definition of a room. Given that
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intelligibility for a room is the average of the measurements minus the
sample standard deviation and that the number of measurements for a given
room is typically small, the number and location of measurements can have
a profound effect on the result. Measurements taken proximate to a speaker
are typically much higher than those equidistant from two or more speakers
or those adjacent to walls. As a result, an engineer or technician can return
desired results, inadvertently or intentionally, via the selection of measure-
ment locations. Furthermore, the impact of post-occupancy changes on
intelligibility, including the addition of furniture, occupants, and floor and
wall coverings, must be addressed in greater detail. Research [8] has shown
that the number and relative locations of occupants can change the CIS
measurements for a classroom by as much as 0.05CIS. Additional research
must be conducted into variations in intelligibility in common locations for
EVCS, including stairwells and office spaces such as those addressed in this
study. Reference [3] identifies additional areas of concern for assessment of
speech communication.

Finally, the desired resolution for intelligibility of EVCS must be
specified. The question is whether it is reasonable to have small areas in a
larger space that do not meet the requirements for intelligibility, if a
significant percentage of the space does.
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